The dynamic friction properties of the extruded AZ31 magnesium alloy with the initial average grain size of 15 mm were investigated by the ring compression test at 473 and 523 K and in a strain rate range from 1:0 Â 10 À2 to 3.0 s À1 . Two types of the tool, WC-Co tool (WC) and WC-Co coated with diamond like carbon tool (DLC) were used. At 523 K, few differences in terms of the friction coefficient were observed due to the difference with or without DLC. At 473 K, the friction coefficient for the sample deformed by DLC tool was smaller than that done by WC tool. The investigation of the texture near the surface of the tested work pieces with different tools reveals that the integration degree of the grains within 10 degree from h0001i direction to compressive axis in the sample deformed by the DLC tool was smaller than that done by WC tool. It was concluded that the larger friction could enhance alignment of the planes perpendicular to the compressive direction to the basal plane even if under same testing condition.
Introduction
Magnesium alloys are used for many components of mobile electric appliances such as cellular phones and notebook computers. This is because magnesium alloys have high specific strength and high specific rigidity. On the other hand, magnesium alloys have low formability due to limited slip systems at room temperature. Thus, hot or warm deformation processes are necessary to increase the formability of the alloys. Recently, plastic forming technologies for magnesium alloys have been developed, for example, the components with thin wall have been achieved without defect. 1) For plastic forming process, interactive friction property between the deformed materials and the tools is one of the important factors, because formability is strongly affected by it. In order to solve the lubricant-related problems, it is very important to understand the friction between die and work piece and to control it. Koga and Paisarn 2) have reported that the formability of AZ31 magnesium alloy is almost the same to those for steel and aluminum alloys as a result of low friction coefficient. Takara et al. 3) indicated that the low friction might cause surface defect in rib forging by material overflow from the opposite side of the rib. The data of the friction characteristics by using the ring-typed compressive test have been reported for magnesium alloys in a temperature range of 473-623 K [3] [4] [5] [6] [7] and have indicated that lubricant drastically influences to the friction characteristics. However, the relationship between the friction characteristics and the microstructural evolution has not been investigated so much.
In the previous work in our group, 8) we investigated comprehensively the friction characteristics of the magnesium alloy above 523 K and suggested that not only external factors, that was, lubricant and surface materials of the tool, but also internal factors, that was, grain size and crystal orientation, influenced to the dynamic friction coefficient. It is necessary for the achievement of the plastic forming technologies at lower temperatures to investigate the friction characteristics below the temperatures in the previous work. Recently, authors reported the effect of the coating materials of the tools on the dynamic friction characteristics and the microstructural evolution with straining by the ring-typed compressive test at a temperature of 473 K and at a strain rate of 10 À2 s À1 in an extruded AZ31 magnesium alloy.
9)
However, the test condition is limited and it is necessary to investigate them at several conditions especially at higher strain rate from the view of the better industry applications.
In the present study, we investigated the dynamic friction properties of AZ31 magnesium alloy in a wide range at temperatures of 473 and 523 K and strain rates of 10 À2 , 10 À1 , 1 and 3 s À1 .
Experimental Procedure
2.1 Measurement of the friction coefficient by ring compression test Among all common methods for measuring the friction coefficient, the ring compression test has gained wide acceptance. This technique utilizes the dimensional changes of a test specimen. For given percentage of height reduction during compression test, corresponding measurement of inside diameter of the test specimen provides a quantitative knowledge of the magnitude of the prevailing friction coefficient at the die/work piece interface. When the inside diameter of the specimen increase during the deformation, friction is low. When the inside diameter of the specimen decrease during the deformation, friction is high. Using the change in the relationship between the reduction in the inside diameter and the reduction in height of the test specimen for varying degrees of friction coefficient, friction calibration curves were generated by Male and Cockcroft. Friction coefficient was determined by comparison of the experimental results and Male's calibration curve. 10) Friction coefficients are determined by the relationship between the reduction ratio of height, R e , and the reduction ratio of inner diameter, E, which are given by:
where H is the initial height of specimen, h is the height of specimen after ring compression test, D i is the initial inner diameter of specimen and d i is the inner diameter of specimen.
Test specimens
Commercial AZ31 magnesium alloy was used in this work with the chemical composition of Mg-2.8 mass%Al-0.82 mass%Zn-0.87 mass%Mn. The specimen was cut for the compression direction to be parallel to the extrusion direction. The dimensions of the specimen used in this study were 12 mm in outside diameter, 6 mm in inside diameter and 4 mm in height, respectively. The surface condition of the test specimens was as mechanically finished. The microstructures were mixed grain size structure with the longed grain to the extrusion direction. The average grain size obtained form the electron backscattered diffraction pattern (EBSD) analysis was 15 mm. In this analysis, misorientation angle more than 15 is defined as grain boundary. The texture shows a typical extruded material texture.
Test condition
The dynamic friction coefficient was determined by utilizing the ring compression test on ZEN Former servo press machine with furnace at temperatures of 473 and 523 K and at strain rates of 10 À2 , 10 À1 , 1 and 3 s À1 . The heating-up period is about 40 min and the specimen was kept for 10 min before the test at the testing temperature. After hot compression, the specimens were immediately quenched into water within 5 s. Deformed microstructures were examined on sections parallel to the compressive direction. Microstructures were observed by an optical microscope. EBSD analysis was carried out using a JEOL JSM-7001F field-emission scanning electron microscope (SEM) operating at 15 kV and equipped with OIM 5.2 software from TSL MSC-2200.
In this work, we used two tools for the compression test; a WC-Co cemented carbide tool and a diamond like carbon (DLC) coated WC-Co tool (hereafter referred to as WC-Co tool and DLC tool, in addition, the samples compressed by WC-Co tool and DLC tool are called ''the sample by WC'' and ''the sample by DLC'', respectively). The mean surface roughness, R a , was measured by color laser 3D profile microscope. R a of WC-Co tool and DLC tool were 0.03 mm and 0.04 mm, respectively. We used oil-based lubricant to make the workability more efficient. The commercial oilbased lubricant (S-5996) was used in this work.
Results and Discussion
The stress-strain curves of AZ31 magnesium alloy at 473 and 523 K are shown in Fig. 1 . The deformation stress for the sample by WC was slightly higher than that for the sample by DLC at 473 K. These results show that the DLC tool effectively lower the stress in comparison with the WC tool at 473 K. At 473 K, the samples by DLC deformed without cracks up to a strain rate of 1 s À1 , while the samples by WC up to 10 À1 s À1 . In contrast, at 523 K, the specimens were deformed without cracking whether the DLC tool or the WC tool was used at all the strain rates examined. differences in stress level at 523 K between the specimen by WC and DLC.
The comparison between the measured data and the calibration curves for friction coefficient is shown in Fig. 2 . In the plot, the data for the specimens with cracks were removed. The measured data for the samples by WC and DLC were approximately fitted on the curves, respectively. Measured friction coefficients are shown in Table 1 . At 473 K, the friction coefficient for the sample by WC is higher than that for the sample by DLC at each strain rate. These results show that the DLC tool keeps the friction lower than the WC tool at 473 K. In contrast, at 523 K, there were no differences of friction coefficient between the samples by DLC and WC. It is considered that the difference of friction coefficient between WC and DLC is small due to instability of the interface between the tool and the specimen at 523 K.
Chiang et al. 8) have indicated that the deformation mechanisms of the magnesium alloy influences to the dynamic friction coefficient at elevated temperatures, and magnesium alloys possibly change the deformation mechanisms during high temperature deformation due to the dynamic recrystallization (DRX). Therefore, the estimation of the deformation mechanisms all the while testing should be required.
In general, the constitutive equation for deformation at elevated temperature is expressed as: where _ " " is the strain rate, A is a constant, G is the shear modulus {¼ E=ð2 Â ð1 þ ÞÞ, E is the Young's modulus [¼ 4:3 Â 10 4 Â ð1 À 5:3 Â 10 À4 Â ðT À 300ÞÞ], is Poisson's ratio and T is the absolute temperature}, b is the Burgers vector, k is the Boltzmann's constant, d is the grain size, p is the grain size exponent, is the flow stress, th is the threshold stress, n is the stress exponent and D is the diffusion coefficient {¼ D o expðÀQ=RTÞ: D o is the pre-exponential factor for diffusion, R is the gas constant, Q is the activation energy}. There are three deformation modes for the possible mechanisms in the strain rate range for plastic forming in magnesium alloys: (a) slip accommodated grain boundary sliding process, which is accepted as the dominant deformation mechanism for superplastic flow, [12] [13] [14] (b) glide controlled dislocation creep 15) and (c) climb controlled dislocation creep.
16) The constitutive equations for each deformation are expressed as:
where D L is the diffusion coefficient for the lattice (¼ 1:0 Â 10 À4 expðÀ135000=RTÞ), is the grain boundary width (taken to be 2b in the present analysis), D gb is the diffusion coefficient for the grain boundary (¼ 5:0 Â 10 À12 expðÀ92000=RTÞ) D s is the diffusion coefficient for the solute atom (¼ 1:2 Â 10 À3 expðÀ143000=RTÞ), is the stacking fault energy (27.8 mJ/m 2 for Mg-3 mass%Al), and D p is the pipe diffusion content.
The relationship between the flow stress and the strain rate for magnesium alloys at 473 and 523 K is shown in Fig. 3 , where the diffusion coefficient and shear modulus of AZ31 magnesium alloy were taken to be those of pure magnesium. Due to independence for each mechanism, the fastest mechanism appears deformation behavior for the materials. The transition points of the deformation mechanisms are superimposed as the open circle. It is noted that grain size less than 2 mm is required to behave superplastic deformation at 473 K and in a strain rate range of 10 À2 to 3 s À1 for AZ31 magnesium alloy. It is also noted that grain size less than 3 mm is required to behave superplastic deformation at 523 K and in a strain rate range of 10 À2 to 3 s À1 for AZ31 magnesium alloy. Figure 4 shows the EBSD maps and the inverse pole figures of the specimens before and after deformation from the direction of the compressive axis: (a) as extruded AZ31 alloy, (b) pre-heated alloy at 473 k for 10 min, (c) deformed at 10 À2 s À1 by WC tool and (d) by DLC tool, (e) deformed at 1 s À1 by WC tool and (f) by DLC tool. In the figure, misorientation angle more than 15 is represented as solid line, which is defined as grain boundaries, and that between 2 to 15 is represented as dotted line, respectively. In as extruded AZ31 alloy, the average grain size is 15 mm and the deformation mechanism at the present testing conditions is corresponded to a region characterized by the climbcontrolled dislocation creep (Fig. 3) . It is found that both the samples after testing have the fine grain size little less than the initial grain size at 15 mm, namely, DRX caused during the compressive flow. The grain was refined in the deformation at any testing conditions, and the grain size decreases with increasing strain rate and decreasing testing temperature. Average grain sizes after deformation were 3.3-9.1 mm in the present testing conditions. These values are in good agreement with the estimated values from the pervious report. 17) The date of the flow stress and the strain rate in this testing condition are plotted in Fig. 3 . The open stars are the date for the sample by WC and the close stars are that by DLC, respectively. It is noted that the AZ31 magnesium alloy unalterably indicates the climb controlled dislocation creep during compressive testing in the present testing conditions, although the grain refinement has occurred by DRX. Then, the deformation mechanism did not affect the dynamic friction properties in the present testing conditions.
In Fig. 4 , it is also noted that the (10-10) plane is perpendicular to the extruded direction and the compressive axis in the deformed specimens. The basal plane aligned to the plane perpendicular to the compressive direction during the compressive tests. We have found that the crystal orientation dependence of the sample by DLC tool was smaller than that of the sample by WC tool and the difference of friction coefficient affected the texture after deformation at 473 K and at a strain rate of 10 À2 s À1 in the previous paper. 9) In order to evaluate the change in the texture quantitatively in the wide testing conditions, the ratio of the grains within 10 degree from h0001i direction to compressive axis was measured. Table 2 shows the result. At 473 K, the ratio of the grains within 10 degree from h0001i direction to compressive axis for the sample by WC was larger than that for the sample by DLC, which is in good agreement with the change in friction coefficient as shown in Table 1 . This result indicates that higher friction coefficient in the sample by WC would cause the increase in the compressive stress component by the higher interactive restraining-force (or bindingforce) between the interfaces of the materials and the tools, resulting in the development of basal texture.
Conclusion
We obtained the following conclusions about dynamic friction properties for AZ31 magnesium alloy during deformation.
The grain size was refined from an initial grain size of 15 mm to the dynamically recrystallized grain size of less than 5 mm in both the samples deformed by WC and DLC tools. From the judgment of the grain size dependency on deformation mechanisms, the dominant deformation mechanism of the current magnesium alloy under the present testing conditions was the climb controlled dislocation creep. At 523 K, the friction coefficient was not changed very much between WC tool and DLC tool. At 473 K, the friction coefficient for the sample deformed by DLC tool was smaller than that deformed by WC tool. DLC tool enables lower friction coefficient than WC tool. In addition, the difference of the microstructure by tools especially appeared to the texture. The intensity of the basal plane within 10 degree from h0001i for the sample by DLC is lower than that for the sample by WC at 473 K. The correlation was admitted in friction coefficient and the intensity of the basal plane.
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